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Method and Apparatus to Control Input to AC Induction Motors 
Technical Field of the Invention 

[0001] This is a continuation of a patent application entitled "Method and 

Apparatus to Control Input to AC Induction Motors" having Ser. No. 10/215/698 which 
5 was filed on August 8, 2002, which patent application was a continuation-in-part of a 

patent application entitled "Motor Load Controller for AC Induction Motors" having Ser. 

No. 09/832,404 which was filed on April 10, 2001, which patent applications are 

incorporated herein by reference. 

Technical Field of the Invention 
10 [0002] One or more embodiments of the present invention pertain to method and 

apparatus to control input to alternating current (AC) induction motors, and in particular, to 

control input to single-phase and three-phase AC induction motors. 

Background of the Invention 

[0003] As is well known, power is wasted when an alternating current (AC) 

15 induction motor is operated using a load below its rated load, or using a varying load. 

[0004] U.S. Patent Nos. 4,439,718 and 4,052,648 (the "Nola patents") disclose 

methods for controlling power applied to an AC induction motor operating under varying 
loads based upon an evaluation of a displacement phase angle between voltage and current 
wave forms as they respectively reach zero value. The disclosed methods are effective 
20 only if the waveforms are purely sinusoidal, and, in actuality, such waveforms are rarely 
purely sinusoidal. 

[0005] U.S. Patent No. 4,379,258 (the "Sugimoto patent") discloses a power 

control circuit used to control voltage applied to an AC induction motor operating under 
varying load. The circuit detects supply power (equal to a product of an instantaneous 

25 value of voltage applied to the motor and current flowing through the motor, when the 
product is positive) and feedback power (equal to a product of an instantaneous value of 
voltage applied to the motor and current flowing through the motor, when the product is 
negative) flowing between a power supply and the motor. Further, Sugimoto discloses that 
the circuit controls the voltage applied to the motor such that a ratio between the supply 

30 power and the feedback power is maintained at a predetermined value. The disclosed 
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circuit may be problematic because it is believed that the use of a predetermined value may 
need to be adjusted for various motors. In addition, the specific value stated by Sugimoto 
does not give the maximum savings possible. 

[0006] In light of the above, there is a need for improved methods and apparatus to 

5 control power input to AC induction motors. 
Summary of the Invention 

[0007] One or more embodiments of the present invention advantageously satisfy 

the above-identified need. In particular, one embodiment of the present invention is a 
method to control input to an alternating current (AC) induction motor from a power 

10 supply that comprises steps of: (a) determining a measure of reactive power (VAR) in two 
input lines to the motor during a time period; and (b) maintaining an SSR (solid state relay) 
connected in series between the power supply and the motor in a non-conducting state for a 
subsequent time period, the length of which subsequent time period is determined by 
analyzing the measure of VAR. 

15 Brief Description of the Figure 

[0008] FIG. 1 is a block diagram of a circuit that is fabricated in accordance with 

one or more embodiments of the present invention for use with a three-phase alternating 
current (AC) induction motor. 
Detailed Description 

20 [0009] As is well known, for single-phase, or three-phase, alternating current (AC) 

induction motors, when voltage and current input to the motor are plotted on a point-by- 
point basis with, for example, a vertical axis (Y, also known as the ordinate) representing 
magnitude and a horizontal axis (X, also known as the abscissa) representing time, separate 
waveforms exist for voltage and current. These waveforms are generally sinusoidal, but 

25 may contain multiple harmonics. 

[00010] When voltage and current values are taken from their respective waveforms 
and multiplied on a point-by-point basis along the X-axis, a voltampere (VA) waveform is 
generated. When plotted along the X and Y axes, the VA waveform will generally have 
positive and negative values with reference to the X-axis (i.e., portions of the VA 
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waveform that lie above the X axis are taken as being positive in value, and portions of the 
VA waveform that lie below the X-axis are taken as being negative in value). 
[00011] During operation of such single-phase or three-phase AC induction motors, 
movement of rotors relative to motor windings, produces reactive power also known as 

5 (VAR) or "voltamperes reactive" which is taken as having a negative value. As such, VAR 
constitutes portions of the VA waveform that lie below the X-axis. 
[00012] If a mechanical load imposed upon an AC induction motor has a value that 
is equivalent to the rated load capacity of the motor, the motor would purportedly operate 
at maximum efficiency. However, VAR is present regardless of whether or not the motor 

10 is being operated at its rated load because the motor produces VAR due to the motor's 
inherent physical characteristics and relative movement of the motor's rotors and windings. 
VAR that is present when the motor is operated with a load that is equal to its rated load 
capacity is referred to as "inherent VAR." Further, whenever an induction motor is 
operated with a load that is less than its rated load capacity, additional VAR exists in the 

15 VA waveform. This VAR is referred to as "excess VAR." 

[00013] FIG. 1 is a block diagram of circuit 3 that is fabricated in accordance with 
one or more embodiments of the present invention for use with a three-phase AC induction 
motor. The electrical components shown in FIG. 1 are readily accessible, off-the-shelf 
components (for example, and without limitation, microprocessor 1 can be any one or a 

20 number of conventional microprocessors). 

[00014] As shown in FIG. 1, three-phase motor 2 is connected to circuit 3, and 
circuit 3 is connected, in turn, to three-phase power supply 16 (circuit 3 and motor 2 are 
conventionally grounded, however, the ground connections are not shown as such 
provisions would be obvious to those of ordinary skill in the art). In accordance with one 

25 or more embodiments of the present invention, voltage associated with any two of three 
input lines (4, 5, or 6) to the windings of motor 2 is detected by conventional voltage 
detector 7. Voltage detector 7 is a type of conventional voltage detector that maintains 
voltage it detects at, or adjusts the voltage it detects to, a magnitude that is compatible with 
voltage input scaler 11. For example, as one of ordinary skill in the art can readily 

30 appreciate, a conventional voltage divider (not shown) within voltage detector 7 can be 
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used to provide this function in a manner that is well known to those of ordinary skill in the 
art. 

[00015] As further shown in FIG. 1, current associated with any one of the two input 
lines being examined for their voltage values is detected by conventional current detector 
9. Current detector 9 is a type of conventional current detector that transforms current 
passing through it to a voltage signal that is: (a) representative of the current; and (b) 
compatible in magnitude with current input scaler 10. For example, as one of ordinary 
skill in the art can readily appreciate, a conventional transformer and burden resistor (both 
of which are not shown) within current detector 9 can be used to provide this function in a 
manner that is well known to those of ordinary skill in the art. When choosing the input 
line from which to obtain current samples, one should choose the line wherein current lags 
voltage. This may be done in accordance with any one of a number of methods that are 
well known to those of ordinary skill in the art. 

[00016] As further shown in FIG. 1, a voltage signal representative of current output 
from current detector 9 is applied as input to conventional current input scaler 10. Current 
input scaler 10 maintains the magnitude of the voltage signal at a level appropriate for 
receipt by analog-to-digital converter 8 in accordance with a rated capacity of analog-to- 
digital converter 8, and applies the voltage signal as input to analog-to-digital converter 8. 
As further shown in FIG. 1, voltage detector 7 applies the voltages detected in, for 
example, and without limitation, lines 4 and 5, as input to voltage input scaler 11. Voltage 
input scaler 11 takes the vector sum of the two detected voltages, adjusts the vector sum to 
a value that is compatible with the rated input capacity of analog-to-digital converter 8, and 
applies that value as input to analog-to-digital converter 8. 

[00017] In accordance with one or more alternative embodiments of the present 
invention, voltage detector 7 would detect a vector sum of voltage across any two of lines 
4, 5, or 6, and apply the detected vector sum as input to a voltage input scaler. Then, the 
voltage input scaler would adjust the input to a value that is compatible with the rated input 
capacity of analog-to-digital converter 8, and apply the value as input to analog-to-digital 
converter 8. 



-5- 

[00018] Analog-to-digital converter 8 samples the analog signals applied as input 
from current input scaler 10 and voltage input scaler 11, respectively, and converts the 
samples into digital numbers that are representative of the amplitudes of the analog signals 
(for example, and without limitation, in a binary format). Such samples are created at a 
rate, for example, and without limitation, in a range from about 32 to about 64 kHz. Next, 
as shown in FIG. 1, analog-to-digital converter 8 applies the digital numbers as input to 
microprocessor 1. 

[00019] Although the description above relates to one or more embodiments of the 
present invention that control input to a three-phase AC induction motor, such 
embodiments are similar to one or more embodiments of the present invention that control 
input to a single-phase AC induction motor. These similarities can be understood with 
reference to FIG. 1 and the discussion below. For embodiments that control input to a 
single-phase motor: (a) a single-phase solid state switch (SSR) is used in place of three- 
phase SSR 15, digital-to-analog converter 13 and operational amplifier 14 shown in FIG. 1; 
(b) a single-phase power supply is used in place of three-phase power supply 16 shown in 
FIG. 1; and (c) a single-phase motor is used in place of three-phase motor 2 shown in FIG. 
1. In addition, a voltage across two input lines to the single-phase motor is detected, and a 
current in one of the two input lines is detected. 

[00020] In accordance with one or more embodiments of the present invention, 
microprocessor 1 in circuit 3 (or in its analogous circuit that controls input to a single 
phase motor) analyzes the input samples of voltage and current to determine a measure of 
VAR in the VA waveform over a time period. For example, VAR appears in the VA 
waveform whenever voltage is negative and current is positive, and VAR appears in the 
VA waveform whenever voltage is positive and current is negative. Then, in accordance 
with the one or more embodiments of the present invention, the measure of VAR is 
analyzed to control input to the motor by maintaining the SSR in a non-conducting state 
(i.e., acting as an open circuit) during a subsequent time period. In particular, the 
subsequent time period during which the SSR is non-conducting is determined by 
analyzing the measure of VAR. As one can readily appreciate from this, maintaining the 
SSR in a non-conducting state during a subsequent time period in accordance with one or 
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more embodiments of the present invention, advantageously produces significant energy 
savings and a reduction of operating expenses. 

[00021] In accordance with some embodiments of the present invention, the measure 
of VAR may be an average value of VAR taken over a predetermined number of cycles of 
the VA waveform. In accordance with some further embodiments of the present invention, 
the measure of VAR may be an average value of VAR taken over a portion of a cycle of 
the VA waveform. In fact, the measure of VAR may be determined in any number of 
ways, and a length of the subsequent time period during which the SSR is non-conducting 
may be determined by analyzing the measure of VAR in any number of ways. 
[00022] The following describes a method of determining a measure of VAR, and a 
method of analyzing the measure of VAR to determine a length of the subsequent time 
period during which the SSR is non-conducting. 

[00023] Description of the method for use with a single-phase motor 
[00024] As is well known, after a voltage (for example, +5V) is applied to a typical 
single-phase SSR to turn it on (i.e., to drive it to be conducting), it will remain on (i.e., 
conducting current) until the current reaches zero (at which point it turns off (i.e., becomes 
non-conducting)). This is the case even if a voltage (for example, 0V) is applied to the 
SSR to turn it off (i.e., to drive it to be non-conducting) after it has been turned on. 
[00025] Whenever microprocessor 1 (in response to a program stored in memory 12) 
detects that the voltage has crossed zero by detecting a change from a positive value to a 
negative value, microprocessor 1 takes the following actions. Microprocessor 1 applies a 
turn-off signal (for example, 0V) to the single-phase SSR. In response, the single-phase 
SSR will remain on (i.e., conducting current) until the current reaches zero, and at that 
point, the SSR will turn off (i.e., it will not be conducting current). However, prior to the 
current reaching zero, whenever the voltage sample is negative and the current sample is 
positive, microprocessor 1 multiplies the voltage sample and the current sample to obtain a 
VAR value. Microprocessor 1 stores the VAR value if its magnitude is larger than a "last 
stored VAR value," and discards it if it is not. As such, microprocessor 1 determines the 
maximum VAR value observed during a time period when the voltage is negative and the 
current is positive. 
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[00026] Whenever microprocessor 1 detects that the voltage has crossed zero by 
detecting a change from a negative value to a positive value, microprocessor 1 takes the 
following actions. Microprocessor 1 applies a turn-off signal (for example, 0V) to the 
single-phase SSR. In response, the single-phase SSR will remain on (i.e., conducting 
current) until the current reaches zero, and at that point, the SSR will turn off (i.e., it will 
not be conducting current). Next, microprocessor 1 compares the stored maximum VAR 
value obtained during the previous time period when voltage was negative and current was 
positive with a predetermined constant (for example, hexadecimal 5A, where the 
predetermined constant may be determined routinely by one of ordinary skill in the art 
without undue experimentation). If the stored maximum VAR value is greater than the 
predetermined constant, a timer value is increased by a single-phase predetermined amount 
(for example, hexadecimal 23, where the single-phase predetermined amount may be 
determined routinely by one of ordinary skill in the art without undue experimentation to 
provide a reasonable response time). If the stored maximum VAR value is less than the 
predetermined constant, the timer value is decreased by the single-phase predetermined 
amount (this is done to prevent decreasing input to motor 2 to such a large extent that it 
may stall. If the stored maximum VAR value is equal to the predetermined constant, the 
timer value is unchanged (at initialization, the timer is set to a predetermined timer value). 
Next, microprocessor 1 resets the stored maximum VAR value, for example, to zero so that 
microprocessor 1 will be ready to determine the maximum VAR value observed during the 
next time period when voltage is negative and current is positive. 

[00027] Whenever microprocessor 1 detects that the current has crossed zero by 
detecting: (a) a change from a positive value to a negative value or zero; or (b) by detecting 
a change from a negative value to a positive value or zero, microprocessor 1 takes the 
following actions. Microprocessor 1 sets the timer value into a counter that is counted 
down to zero in accordance with a clock (not shown) in microprocessor 1. For example, in 
accordance with one specific embodiment of the present invention, the counter is 
decremented once every ten (10) "ticks" or cycles of the clock. Next, in response to an 
interrupt that occurs when the counter reaches zero, microprocessor 1 applies a signal (for 
example, +5V) as input to the SSR to cause it to trigger (i.e., to cause it to become 
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conducting). As one can readily appreciate, since the SSR is in series with the motor phase 
lines, during the period of time that the SSR is non-conducting (or off), power has been 
removed from motor 2. 

[00028] Description of the method for use with a three-phase motor 

5 [00029] As is well known, a typical three-phase SSR (SSR 15) that is on (i.e., 
conducting) will turn off when the current reaches zero. However, if a signal having an 
amplitude in a range between 0V and +5V is applied thereto, it will turn on (i.e., become 
conducting) after a time delay that is determined by the amplitude of the signal. For one 
particular example, the closer the amplitude of the signal is to 0V, the longer the time delay 

10 before SSR 15 is triggered (i.e., caused to be conducting). Conversely, the closer the 
amplitude of the signal is to +5V, the shorter the time delay before SSR 15 is triggered 
(i.e., caused to be conducting). In accordance with one or more embodiments of the 
present invention, microprocessor 1 causes the signal to be applied to SSR 15 by applying 
a DAC value (the DAC value will described in detail below) as input to digital-analog 

15 converter 13. Digital-to-analog converter 13 converts the DAC value into an analog 
voltage, and the analog voltage is applied as input to operational amplifier 14. In response, 
operational amplifier 14 applies the signal (for example and without limitation, a voltage 
having an amplitude in a range between 0V and +5V), i.e., a voltage that reflects the DAC 
value, as input to SSR 15. 

20 [00030] Whenever microprocessor 1 (in response to a program stored in memory 12) 
detects that the voltage has crossed zero by detecting a change from a positive value to a 
negative value, microprocessor 1 takes the following action. Prior to the current reaching 
zero (in which case SSR 15 will turn-off), whenever the voltage sample is negative and the 
current sample is positive, microprocessor 1 multiplies the voltage sample and the current 

25 sample to obtain a VAR value. Microprocessor 1 stores the VAR value if its magnitude is 
larger than a "last stored VAR value," and discards it if it is not. As such, microprocessor 
1 determines the maximum VAR value observed during a time period when the voltage is 
negative and the current is positive. 

[00031] Whenever microprocessor 1 detects that the voltage has crossed zero by 
30 detecting a change from a negative value to a positive value, microprocessor 1 takes the 
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following actions. Microprocessor 1 compares the stored maximum VAR value obtained 
during the previous time period when voltage was negative and current was positive with a 
predetermined constant. If the stored maximum VAR value is greater than the 
predetermined constant, a DAC value is decreased by a three-phase predetermined amount 
(for example, hexadecimal 80, where the three-phase predetermined amount may be 
determined routinely by one of ordinary skill in the art without undue experimentation to 
provide a reasonable response time). If the stored maximum VAR value is less than the 
predetermined constant, the DAC value is increased by the three-phase predetermined 
amount (this is done to prevent decreasing input to motor 2 to such a large extent that it 
may stall). If the stored maximum VAR value is equal to the predetermined constant, the 
DAC value is unchanged (at initialization, the DAC value is set to a predetermined DAC 
value). Next, microprocessor 1 resets the stored maximum VAR value, for example, to 
zero so that microprocessor 1 will be ready to determine the maximum VAR value 
observed during the next time period when voltage is negative and current is positive. 
Next, microprocessor 1 applies the DAC value as input to digital-analog converter 13. 
[00032] As was described above, whenever the current through three-phase SSR 15 
reaches zero, it is re-driven (i.e., caused to be conducting) after a delay that depends on the 
amplitude of the signal applied thereto, which amplitude depends on the DAC value output 
from microprocessor 1 . For this particular example, the smaller the DAC value, the longer 
the delay before SSR 15 is re-driven after the current reaches zero. Conversely, the larger 
the DAC value, the shorter the delay before SSR 15 is re-driven after the current reaches 
zero. As one can readily appreciate, since SSR 15 is in series with motor phase line 4, 5, 
and 6, during the period when SSR 15 is non-conducting (or off), power is been removed 
from motor 2. 

[00033] As one can readily appreciate from the embodiments described in detail 
above, the length of time during which the SSR is non-conducting is developed using a 
value of VAR that is determined when the voltage is negative and the current is positive. 
However, it should be understood that embodiments of the present invention are not 
limited to this embodiment. In fact, further embodiments exist wherein separate lengths of 
time may be developed when voltage is negative and current is positive and when voltage 
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is positive and current is negative. In addition, still further embodiments of the present 
invention exist wherein algorithms other than those disclosed above may be utilized to 
determine the length of time during which the SSR is non-conducting. For example, it is 
also contemplated that one could utilize algorithms that analyze average values of VAR 
obtained during portions of the VA waveform over one or more periods of time. 
[00034] Although v the above-described embodiment for use with a single-phase 
motor utilized a microprocessor to control the single-phase SSR directly in conjunction 
with its internal timer operation, further embodiments of the present invention exist 
wherein this is not the case. For example, if a single-phase SSR were utilized in 
conjunction with a linear proportional controller, such an embodiment for use with a 
single-phase motor would operate in the same manner as that described above for the three- 
phase motor. In particular, the added cost of a linear proportional controller might be 
required for use with a processor that does not have an internal timer. 
[00035] Those skilled in the art will recognize that the foregoing description has 
been presented for the sake of illustration and description only. As such, it is not intended 
to be exhaustive or to limit the invention to the precise form disclosed. 



